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A B S T R A C T
In this study, the biosurfactant production by an Aureobasidium thailandense LB01 was reported for the ﬁrst time.
Diﬀerent agro-industrial by-products (corn steep liquor, sugarcane molasses, and olive oil mill wastewater) were
evaluated as alternative low-cost substrates. The composition of the culture medium was optimized through
response surface methodology. The highest biosurfactant production (139 ± 16 mg/L) was achieved using a
culture medium containing yeast extract (2 g/L); olive oil mill wastewater (1.5%, w/w); glucose (6 g/L) and
KH2PO4 (1 g/L) after 48 h of fermentation. The partially puriﬁed biosurfactant exhibited a critical micelle
concentration of 550 mg/L, reducing the surface tension of water up to 31.2 mN/m. Its molecular structure was
found to be similar to a lauric acid ester. The biosurfactant exhibited a better performance than the chemical
surfactant sodium dodecyl sulfate (SDS) in oil dispersion assays, thus suggesting its potential application in
bioremediation.
1. Introduction
The vast majority of the commercially available surfactants are of
petrochemical origin. As such, their production contributes to an in-
creased environmental pollution (Patel et al., 2003). Moreover, due to
the low selectivity of petrochemical surfactants, signiﬁcant amounts are
usually required in the majority of the applications (Pacwa-Płociniczak
et al., 2011; Sachdev and Cameotra, 2013). Microbial surfactants (so-
called biosurfactants) are a promising alternative to the chemical sur-
factants; they exhibit a higher biodegradability, are less toxic and more
stable at extreme temperature, salinity, and pH conditions when com-
pared with their synthetic counterparts (Pacwa-Płociniczak al. 2011).
Biosurfactants are as eﬀective as the synthetic surfactants since they can
also reduce the surface and interfacial tensions, stabilize oil-in-water
and water-in-oil emulsions, and act as detergents, solubilizers, and lu-
bricants (Makkar et al., 2011). These compounds are applied in the
food, pharmaceutical and petrochemical industries (Gudiña et al.,
2013b; Noparat et al., 2014a) and are usually present in detergents
(Sajna et al., 2013), agriculture products (Sachdev and Cameotra, 2013)
and cosmetics (Morita et al., 2013; Vecino et al., 2017). However, de-
spite their potential applicability, the production of biosurfactants is
still expensive when compared with synthetic surfactants, being about
60% of the production costs due to the culture medium (Gudiña et al.,
2016a,b; Makkar et al., 2011). Therefore, the study of alternative
substrates for the production of biosurfactants is expected to have a
great impact on the sustainability of their production processes.
In this sense, the use of agro-industrial wastes as substrates for the
production of diﬀerent biomolecules has increased in the last years.
Agro-industrial wastes are an excellent source of carbohydrates, lipids,
and nitrogen that may be very useful in a number of bioprocesses, in-
cluding the production of biosurfactants. Some examples of residues
used for the biosurfactants production include animal fat, molasses,
glycerol, corn steep liquor (CSL), wastes from olive oil production and
from other vegetable oils extraction, distilleries residues, cheese whey,
potato processing eﬄuents and cassava wastewater (Gudiña et al.,
2016a,b; Gudiña et al., 2015a; Makkar et al., 2011; Moya Ramírez
et al., 2016; Noparat et al., 2014b; Saimmai et al., 2012; Santos et al.,
2013). Olive oil mill wastewater (OMW), an agricultural waste gener-
ated during the extraction of olive oil, is widely available in the Med-
iterranean countries such as Spain, Italy, Greece, and Portugal. This
residue contains sugars, lipids and aromatic compounds (Dermeche
et al., 2013). OMW can be used in a number of biotechnological ap-
plications, as in the production of microbial enzymes (Brozzoli et al.,
2009; Salihu et al., 2012), antioxidants (El-Abbassi et al., 2013;
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Rahmanian et al., 2014) and biosurfactants (Gudiña et al., 2016a,b;
Mousavi et al., 2015 Ramírez et al., 2016). Another agro-industrial
residue used as a source of amino acids, vitamins, and polypeptides is
CSL, which is considered a good alternative source of organic nitrogen
(Liu et al., 2015). Molasses, a by-product of the sugar reﬁnery, which
contains about 50% of sucrose besides other compounds, such as salts
and organic acids, can also be used as an alternative carbon source
(Mirończuk et al., 2015).
In addition to the composition of the culture medium, the C/N ratio
and operational conditions (pH, temperature, agitation and aeration)
greatly aﬀect the production of biosurfactants and are commonly used
in optimization strategies to increase productivity and reduce costs
aiming at the development of sustainable bioprocesses (Ekpenyong
et al., 2017; Henkel et al., 2012; Santos et al., 2016; Varjani and
Upasani, 2017).
Several microorganisms can produce biosurfactants, including bac-
teria, yeasts, and some ﬁlamentous fungi. The genera Pseudomonas and
Bacillus are the most extensively reported as biosurfactant producers
(Gudiña et al., 2016a,b; Gudiña et al., 2015a; Sharma et al., 2015). The
search for new surface active molecules has driven the study of mi-
croorganisms unexplored for this purpose, mainly from oil reservoirs
and marine environments (Gudiña et al., 2016a,b; Gudiña et al., 2015b,
2013a; Manivasagan et al., 2014; Najaﬁ et al., 2011; Saimmai et al.,
2012; Sharma et al., 2015; Vilela et al., 2014). As a result, other mi-
croorganisms such as Lachancea thermotolerans (Mousavi et al., 2015),
Planococcusjake (Kavitha et al., 2015), Brevibacterium luteolum (Vilela
et al., 2014), Sphingobacterium detergens (Marques et al., 2012) and
Paenibacillus sp. (Gudiña et al., 2015b) were recently reported as sur-
face active molecules producers. Some studies suggested that certain
Aureobasidum species play a major role in the degradation of petroleum
(Xue et al., 2015). However, this role was not related to the production
of biosurfactants by these isolates. Among the Aureobasidium species,
the most studied is Aureobasidium pullulans, which produces pullulan (a
polymer that can be used in microbial enhanced oil recovery to plug
high permeability channels) and enzymes (Duan et al., 2008; Price
et al., 2013). As far as we know, the production of biosurfactants by
Aureobasidium species has only been reported for one Auresobasidium
pullulans strain (Kim et al., 2015).
In this study, the agro-industrial by-products CSL, OMW, and su-
garcane molasses were evaluated to develop a sustainable culture
medium for the production of a new biosurfactant by an Aureobasidium
thailandense strain isolated from the cashew (Anacardium occidentale L.)
apple peduncle.
2. Materials and methods
2.1. Microorganism
The microorganism A. thailandense LB01 was isolated from cashew
(Anacardium occidentale L.) apple peduncle at the Biotechnology
Laboratory − LABIOTEC (Federal University of Ceará − UFC, Brazil).
The microorganism was identiﬁed by molecular biology techniques
(data not shown). The strain was stored at −80 °C in YPD medium
supplemented with 20% (v/v) of glycerol. The inoculant was prepared
in 250 mL Erlenmeyer ﬂasks containing 100 mL of YPD broth that were
incubated in an orbital shaker at 28 °C and 200 rpm for 12 h. The
concentration of cells in the inoculum to start the fermentation was
adjusted to 1 × 107 cells/mL, counted using a Neubauer improved cell
chamber (Marienfeld GmbH, Germany). The inoculum size corre-
sponded to 5% (v/v) of the ﬁnal volume. The composition of YPD
medium was: peptone 20 (g/L); yeast extract 10 (g/L); glucose 20 (g/L)
at pH 6.5.
2.2. Evaluation of carbon source, nitrogen source, and inducer for
biosurfactant production
The strain A. thailandense LB01 was cultured using diﬀerent carbon
sources (sugarcane molasses and glucose) and nitrogen (yeast extract
and CSL) sources, as well as two substrates that have been reported to
induce biosurfactant production in diﬀerent microorganisms, olive oil
and OMW (Gudiña et al., 2016a,b). The composition of the diﬀerent
culture media studied is shown in Table 1. All media pH were adjusted
to 5.5.
Sugarcane molasses and CSL were kindly donated by RAR
(Reﬁnarias de Açúcar Reunidas, S.A.; Portugal) and COPAM
(Companhia Portuguesa de Amidos, S.A.; Portugal), respectively. The
total sugars and total soluble protein concentrations present in molasses
and CLS were determined using the phenol-sulfuric (Dubois et al.,
1956) and Lowry methods (Lowry et al., 1951), respectively. Sugarcane
molasses contained 490 g/L of carbohydrates and 0.6 g/L of protein,
while CSL contained 75 g/L of carbohydrates and 5 g/L of protein.
Moreover, sugarcane molasses contained 85 g/L of sugars, according to
the DNS method (Miller, 1959). The concentration of molasses added to
the diﬀerent culture media was adjusted to correspond to 6 g/L of re-
ducing sugars.
OMW was obtained from an olive oil mill located in the north of
Portugal. OMW is mainly composed of water and residual oil. Its fatty
acid composition, determined by GC/MS, was as follows (% (v/
v)):11.9% palmitic acid (C16:0); 3.0% stearic acid (C18:0); 78.5% oleic
acid (C18:1); 6.6% linoleic acid (C18:2).
The submerged fermentations were conducted in an orbital shaker
for 144 h at 200 rpm and 28 °C, using 500 mL Erlenmeyer ﬂasks con-
taining 200 mL of culture medium. Samples (5 mL) were collected at
24 h intervals and centrifuged (2700g, 15 min) to obtain the cell-free
supernatants for further analysis. Biosurfactant production was de-
termined by measuring the surface tension of the cell-free supernatants,
as described further on.
2.3. Optimization of the culture medium composition
After a preliminary evaluation of the eﬀect of the carbon source, the
nitrogen source and the inducer on biosurfactant production by A.
thailandense LB01, three variables were selected to further optimize the
composition of the culture medium, namely the concentrations of yeast
extract, CSL and OMW. The carbon source and salt concentrations were
kept constant at 6 g/L and 1 g/L, respectively. A fractional factorial
design (23−1) with 3 repetitions at the central point, composed of a
total of 7 trials, was carried out to determine which nitrogen source
signiﬁcantly aﬀected the biosurfactant production. The production of
biosurfactant was evaluated by the reduction of the surface tension in
the cell-free culture broth as compared to the initial time point (0 h, i.e.
no biosurfactant produced). Statistica software v 13 was used for the
Table 1
Diﬀerent culture media evaluated for the production of biosurfactant by Aureobasidium
thailandense LB01.
Synthetic
medium
Medium 1 Medium 2 Medium 3 Medium 4
Glucose (g/L) 6.0 – 6.0 6.0 –
Molasses (%,
w/w)
– 10.0 – – 10.0
Yeast extract
(g/L)
3.0 3.0 – 3.0 –
CSL (g/L) – – 3.0 – 3.0
Olive oil (%,
w/w)
2.0 2.0 2.0 – –
OMW (%, w/
w)
– – – 2.0 2.0
KH2PO4(g/L) 1.0 1.0 1.0 1.0 1.0
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experimental planning and analysis (Table 2).
As yeast extract and OMW were found to be the signiﬁcant variables
according to the fractional factorial design, a central composite rotated
design (CCRD) was performed to optimize their concentrations towards
a maximum biosurfactant production. The design was conducted with
two variables at two levels (22), including 4 trials in the axial conditions
and 3 repetitions at the central point, with a total of 11 trials. Statistica
software v 13 was used for the experimental planning and analysis
(Table 3).
2.4. Surface tension measurement
The surface tension was measured using a KRÜSS K6 Tensiometer
(KRÜSS GmbH, Hamburg, Germany) according to the Ring method
(Rodrigues et al., 2006). The surface tension of the cell-free super-
natants obtained after centrifuging the diﬀerent samples taken along
the fermentations was measured at 25 °C. The results were expressed as
the average ± standard deviation, using the results obtained from
each fermentation and each sample measured in triplicate.
2.5. Biosurfactant recovery
The biosurfactant was extracted from the cell-free supernatant by
the Folch method (Folch et al., 1957). Brieﬂy, one volume of cell-free
culture broth was mixed with one volume of chloroform. After the
mixture homogenization for 30 min, the organic phase was recovered
using a separation funnel after resting for 24 h. Subsequently, chloro-
form was evaporated using a rotary evaporator at 450 mmHg and 40 °C
for 40 min. After the solvent evaporation, the partially puriﬁed bio-
surfactant was freeze-dried for further characterization.
2.6. Critical micelle concentration (CMC)
The critical micelle concentration (CMC) of the partially puriﬁed
biosurfactant was calculated by plotting the surface tension against the
logarithm of biosurfactant concentration. Biosurfactant concentrations
ranging from 1 to 5000 mg/L were prepared in distilled water. The
surface tension of each sample was measured in triplicate at 25 °C as
described above. The CMC was found at the point of intersection be-
tween the two lines that best ﬁt the pre- and post-CMC values (Gudiña
et al., 2010).
2.7. Fourier transformed infrared Spectroscopy(FTIR)
The functional groups of the partially puriﬁed biosurfactant pro-
duced by A. thailandense LB01 were identiﬁed using a Cary 630 FTIR
Spectrometer (Agilent Technologies), at wavelengths from 700 to
4000 cm−1, with a spectral resolution of 1 cm−1. The equipment allows
the direct application of the lyophilized biosurfactant sample on the
device cell without any sample preparation.
2.8. Mass spectrometry
The lyophilized biosurfactant (10 mg) was added to a mixture
containing 5 mL of methanol and 15 μL of H2SO4. The mixture was
heated at 60 °C for 1 h to esterify the sample. The analysis was per-
formed in an ISQ single quadrupole Thermus GC/MS. The temperature
was set to the range between 29.8 °C and 300 °C with an OV-1 capillary
column (30 m× 0.25 mm ID × 0.25 mm ﬁlm) using helium at 1.0 mL/
min for the separation. The identiﬁcation of the methyl esters was done
by mass comparison with the equipment library compounds.
2.9. Oil displacement assays
The ability of the biosurfactant produced by A. thailandense LB01 to
displace crude oil was evaluated in Petri dishes (50 mm diameter)
containing 10 mL of distilled water. 700 μL of crude oil were dropped
on the water surface to form a ﬁlm covering the entire water surface
area. The biosurfactant solution was prepared weighing the adequate
amount of lyophilized biosurfactant and dissolving it in distilled water.
After that, 40 μL of a biosurfactant solution (at a concentration of
10 mg/mL) were added in the middle of the crude oil layer, and the
diameter of the clear zone formed was measured. Sodium dodecyl
sulfate (SDS) was used as a reference surface active compound at the
same concentration. Considering that the CMC of SDS is approximately
2332 mg/L, in order to keep the same ratio as the one used for the
biosurfactant (18 X CMC), a second SDS concentration at 42 mg/mL
(SDS-C2) was also tested. The negative control was performed using
distilled water. All assays were performed in triplicate (Rodrigues et al.,
2006).
3. Results and discussion
3.1. Study of biosurfactant production by A. thailandense LB01
When A. thailandense LB01 was grown in the synthetic medium
(containing glucose and yeast extract as carbon and nitrogen sources,
respectively), the surface tension of the culture medium was reduced up
to 33.0 mN/m after 48 h (Table 4). As the surface tension was reduced
below 40 mN/m, which is the widely accepted criterion to consider a
microorganism as biosurfactant producer (Dzięgielewska and
Adamczak, 2013; Gudiña et al., 2010; Vilela et al., 2014), it can be
concluded that A. thailandense LB01 produced extracellular biosurfac-
tants.
Subsequently, diﬀerent culture media were prepared (as summar-
ized in Table 1) to evaluate the potential use of low-cost alternative
substrates (CSL, OMW and sugarcane molasses) for the production of
Table 2
Fractional factorial design (23−1) used to select the variables that aﬀect the production of
biosurfactant by Aureobasidium thailandense LB01, as inferred by the reduction of the
surface tension of the culture medium after 48 h ST0: surface tension at 0 h ST48: surface
tension at 48 h. (C): central point. Results correspond to the average of three measure-
ments± standard deviation.
Assays Yeastextract (g/
L)
OMW (%
w/w)
CSL (g/
L)
ST0 (mN/m) ST48 (mN/m)
1 1.0 1.0 2.0 37.0 ± 0.0 33.0 ± 0.0
2 2.0 1.0 1.0 49.0 ± 0.0 30.0 ± 0.0
3 1.0 3.0 1.0 52.0 ± 0.0 30.0 ± 1.0
4 2.0 3.0 2.0 47.0 ± 0.0 34.0 ± 1.0
5 (C) 1.5 2.0 1.5 49.0 ± 0.0 33.0 ± 0.0
6 (C) 1.5 2.0 1.5 50.0 ± 0.0 32.0 ± 0.0
7 (C) 1.5 2.0 1.5 48.0 ± 0.0 30.0 ± 0.0
Table 3
Central composite design (22) used for the optimization of biosurfactant production by
Aureobasidium thailandense LB01.ST0: surface tension at 0 h. ST24: surface tension at 24 h.
ST48: surface tension at 48 h. (C): central point. Results correspond to the average of
triplicate measurements ± standard deviation.
Assays Yeastextract (g/
L)
OMW (%
w/w)
ST0 ST24 ST48
1 1.50 1.00 60.0 ± 0.5 33.0 ± 0.5 31.0 ± 0.5
2 4.50 1.00 53.0 ± 0.5 32.0 ± 0.0 30.0 ± 0.0
3 1.50 1.00 53.0 ± 2.0 31.0 ± 0.0 30.0 ± 0.0
4 4.50 3.00 50.0 ± 0.0 31.0 ± 0.0 29.0 ± 0.0
5 3.00 0.58 55.0 ± 0.0 31.0 ± 0.0 30.0 ± 0.0
6 3.00 3.40 50.0 ± 0.0 30.0 ± 0.0 29.0 ± 0.0
7 0.87 2.00 55.0 ± 1.0 31.0 ± 0.0 30.0 ± 0.0
8 5.10 2.00 51.0 ± 0.0 32.0 ± 0.0 30.0 ± 0.0
9 (C) 3.00 2.00 55.0 ± 0.0 31.0 ± 0.0 29.0 ± 0.0
10 (C) 3.00 2.00 56.0 ± 0.0 29.0 ± 0.0 29.0 ± 0.0
11 (C) 3.00 2.00 58.0 ± 0.0 31.0 ± 0.0 30.0 ± 0.0
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biosurfactants by A. thailandense LB01. According to the results ob-
tained (Table 4), the replacement of glucose by sugarcane molasses
(Medium 1) favored the production of biosurfactants by A. thailandense
LB01, as the surface tension of the culture medium was reduced by
17.0 ± 1.4 mN/m after 48 h of fermentation. However, the use of CSL
as the only nitrogen source (Medium 2) led to worst results when
compared with the synthetic medium. The replacement of olive oil by
OMW (Medium 3) also favored the production of biosurfactants by A.
thailandense LB01, with a surface tension reduction of 18.0 ± 2.0 mN/
m after 48 h of growth, similar to the result obtained with the synthetic
medium. Finally, using a culture medium containing the three alter-
native substrates simultaneously (Medium 4) resulted in the same sur-
face tension reduction achieved with the synthetic medium (Table 4).
The results obtained in the current study clearly demonstrate the
ability of the newly isolated Aureobasidium strain to produce surface
active compounds within 48 h of fermentation using diﬀerent agri-
cultural residues. It is important to highlight that this is the ﬁrst report
of a biosurfactant-producing A. thailandense strain. To the best of our
knowledge, biosurfactant production by members of the genus
Aureobasidium was only previously reported for an A. pullulans strain
(Kim et al., 2015).
To assess the eﬀect of OMW, yeast extract and CSL on biosurfactant
production by A. thailandense LB01, a fractional experimental design
(23−1) was carried out as shown in Table 2. Glucose and KH2PO4 were
kept constant at the same concentrations given in Table 1 for the syn-
thetic medium (i.e. 6 g/L for glucose and 1 g/L for KH2PO4).
As the fractional experimental designs are used only for the selec-
tion of variables and not for optimization, the conﬁdence interval was
set to 90%. The Pareto chart of the obtained eﬀects is illustrated in
Fig. 1. CSL showed a signiﬁcant and adverse eﬀect on the biosurfactant
production (i.e. on the reduction of the culture medium surface ten-
sion), while OMW showed a positive and signiﬁcant eﬀect (p < 0.1).
Several studies reported the suitability of yeast extract for the pro-
duction of biosurfactants (Dzięgielewska and Adamczak, 2013; Maass
et al., 2015; Manivasagan et al., 2014; Mousavi et al., 2015; Solaiman
et al., 2007). Therefore, given the high negative impact of CSL on
biosurfactant production, yeast extract was the nitrogen source selected
for further optimization of the biosurfactant production process.
The results obtained with the central composite design (CCRD)
carried out to optimize the biosurfactant production process are sum-
marized in Table 3. As it can be seen, surface tension reductions ranging
from 20 mN/m to 30 mN/m were obtained after 48 h of fermentation.
The regression models obtained to predict the surface tension reduction
after 24 h and 48 h of fermentation are given in Eqs. (1) and (2), re-
spectively:
Z = 20.18 + 4.41x− 1.87x2 + 3.3y− 0.94y2 + 0.5xy (1)
Z = 17.9 + 3.95x− 0.87x2 + 5.85y− 1.97y2 + 0.21xy (2)
where Z is the surface tension reduction, (mN/m); Y is the OMW con-
centration, % (w/w) and X is the yeast extract concentration, (g/L).
The models are adequate to ﬁt the experimental data according to
the ANOVA and F-test. For Eq. (1), the calculated F5,5 value
(Fcalculated = 13.47) was higher than the listed value (F5,5 = 5.05) at a
conﬁdence level of 95%, meaning that the model is statistically sig-
niﬁcant. For Eq. (2), the calculated F5,5 value (Fcalculated = 15.45) was
also higher than the listed one at 95% of conﬁdence interval. The
correlation coeﬃcients (R2) were higher than 0.90, thus demonstrating
a good similarity between the experimental results and the values
predicted by the ﬁtted equations. The response surface graphs are
shown in Fig. 2a and b.
The regression models were validated by repeating the fermentation
(in triplicate) at the maximum response (i.e. higher surface tension
reduction), which corresponds to 2 g/L of yeast extract and 1.5% (w/w)
of OMW. The optimal values were mathematically obtained at the
equation critical point and were the same for both fermentation times
(24 and 48 h). The experimental values did not diﬀer from those pre-
dicted by the ﬁtted models (Eqs. (1) and (2)) (Table 5).
In the optimized culture medium, the concentration of yeast extract
was reduced by 33% when compared with the synthetic medium
(Table 1). It was found that the use of 2 g/L of yeast extract in com-
bination with 1.5% (w/w) of OMW was the most favorable condition
for the production of biosurfactants by A. thailandense LB01.
Similar surface tension reductions (between 14 and 30 mN/m) than
the obtained in the present work were reported for other biosurfactant-
producing yeasts (Candida bombicola, Pseudozymaaphidis, Pseudozyma
antarctica) and bacteria (Bacillus subtilis, Brevibacterium luteolum,
Geobacillusstearo thermophilus, Paenibacillus alvei), in some cases using
agro-industrial wastes as substrates (Delbeke et al., 2015;
Dzięgielewska et al., 2013; Jara et al., 2013; Maass et al., 2015; Najaﬁ
et al., 2011; Solaiman et al., 2007; Vilela et al., 2014).
In the current study, high surface tension reductions were obtained
with A. thailandense LB01 even at 24 h of fermentation, using lower
amounts of yeast extract as compared to those reported in other works
(5–10 g/L) (Dzięgielewska and Adamczak, 2013; Maass et al., 2015;
Mousavi et al., 2015; Solaiman et al., 2007). The results herein gathered
clearly demonstrate that A. thailandense LB01 produces an eﬀective
biosurfactant using a residue generated during olive oil production as
an inducer. The use of this residue can reduce the production costs of
this biosurfactant and, at the same time, is interesting to promote other
applications for OMW and to reduce the environmental impact caused
by its disposal (Dermeche et al., 2013; Gudiña et al., 2016a,b; Mousavi
et al., 2015).
Table 4
Surface tension values (mN/m) obtained with Aureobasidium thailandese LB01 grown in
diﬀerent culture media at diﬀerent time intervals. The composition of the diﬀerent cul-
ture media is provided in Table 1. Results represent the average ± standard deviation of
three independent experiments.
Time (h) Surface Tension (mN/m)
Synthetic
medium
Medium 1 Medium 2 Medium 3 Medium 4
0 48.0 ± 0.5 50.0 ± 0.0 49.5 ± 0.7 50.5 ± 0.7 50.0 ± 1.4
24 38.0 ± 1.0 35.0 ± 0.0 39.0 ± 0.0 35.5 ± 0.7 43.5 ± 2.1
48 33.0 ± 0.0 33.0 ± 1.4 37.0 ± 2.5 32.0 ± 1.4 35.0 ± 0.0
72 33.0 ± 0.0 33.0 ± 1.4 41.0 ± 2.5 32.5 ± 2.1 34.0 ± 0.0
96 33.0 ± 0.5 32.5 ± 0.7 43.0 ± 0.0 32.5 ± 0.7 36.5 ± 0.7
120 34.1± 0.5 32.5 ± 0.7 42.0 ± 0.0 32.0 ± 0.0 34.0 ± 1.4
144 33.0 ± 0.5 32.5 ± 0.7 42.0 ± 0.0 32.0 ± 0.0 34.0 ± 1.4
Fig. 1. Pareto diagram of the fractional factorial design used to select the variables (ni-
trogen and carbon sources) that aﬀect the production of biosurfactant by Aureobasidium
thailandense LB01.
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3.2. Critical micelle concentration (CMC)
The CMC determined for the biosurfactant produced by A. thai-
landense LB01 was 550 mg/L, and it reduced the surface tension of
water from 72.2 to 31.2 mN/m (Fig. 3). A surface active molecule is
considered a good surfactant when it reduces the surface tension of
water to values close to 35 mN/m (Gudiña et al., 2010). Thus, the
biosurfactant herein produced can be considered an eﬀective surface
active compound.
Other authors reported CMC values for biosurfactants produced by
diﬀerent microorganisms between 64 mg/L and 2500 mg/L (Bhardwaj
et al., 2015; Gudiña et al., 2010; Marin et al., 2015; Oliveira et al.,
2013). Synthetic surfactants such as sodium dodecyl sulfate (SDS) and
tetra decyl trimethyl ammonium bromide (TTAB) exhibit CMC values
between 1000 mg/L and 2000 mg/L. Overall, the CMC value obtained
for the biosurfactant produced by A. thailandense LB01 is in good
agreement with the general values reported in the literature for other
biosurfactants, and better than those reported for synthetic surfactants.
The biosurfactant production yield achieved with A. thailandense
LB01 was 139 ± 16 mg/L after 48 h of fermentation. As far as we
know, biosurfactant production by A. thailandense strains has never
been reported before. However, an Aureobasidium pullulans strain which
Fig. 2. Response surfaces representing the eﬀect of OMW and
yeast extract on the surface tension of the culture medium
(which is the indicative of biosurfactant production) at 24 h
(A) and 48 h (B).
Table 5
Validation of the experimental design at the optimum point. Results correspond to the
average of three independent experiments± standard deviation.
Time(h) Surface tension reduction (mN/m)
Observed Predicted
24 27 ± 2.5aA 27aA
48 28 ± 2.6aA 28aA
Values with lowercase letters in the same line and the same capital letters equal in the
same column do not diﬀer by Tukey test (p < 0.05).
Fig. 3. Surface tension values (mN/m) versus logarithm of biosurfactant concentration
(mg/L) obtained with the biosurfactant produced by Aureobasidium thailandense LB01
dissolved in distilled water. Results represent the average of three independent mea-
surements and error bars represent standard deviations of the mean values.
Fig. 4. Fourier Transformed Infrared Spectroscopy (FTIR) spectrum (A) mass spectrum
(B) and chromatogram (C) obtained for the biosurfactant produced by Aureobasidium
thailandese LB01.
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produced a glycolipid biosurfactant (glycerol-liamocin) was reported by
Kim et al. (2015). In this case, the biosurfactant reduced the surface
tension of water up to 31.5mN/m. However, the production yield
(37 mg/L) was considerably lower when compared with that achieved
with A. thailandense LB01 in the present work.
3.3. Chemical characterization
The FTIR spectrum of the biosurfactant produced by A. thailandense
LB01 is shown in Fig. 4.A. From the spectrum, it can be observed the
carbohydrate −OH group at 3285 cm1; the ]CeH corresponding to
fatty acid peaks at 2953 cm−1; and the characteristic ester group peak
at 2852 cm−1. At 1712 cm−1 and 1633 cm−1it is possible to conﬁrm
the presence of the unsaturated ester groups (C]OeC]C), and the
peak at 1407 cm−1 that corresponds to the −CH2 group.
The mass spectrum and chromatogram showed that the molecular
structure of the biosurfactant is similar to a C12 molecule at the peak at
9.82 min. This structure corresponds to CH3-(CH2)10-, which is similar
to a lauric acid ester. The peak at 9.30 min corresponds to an impurity
(Fig. 4B and C). According to these results, the biosurfactant comprises
aliphatic hydrocarbons combined with a lipid moiety, resulting from
the presence of unsaturated fatty acid groups. Thus, the molecule holds
in its composition both a hydrophobic and a hydrophilic part, which is
characteristic of surface active compounds.
3.4. Oil displacement studies
The oil dispersion ability of the biosurfactant produced by A. thai-
landense LB01 was evaluated using crude oil. The diameter of the clear
zones obtained with the synthetic surfactant SDS and the biosurfactant
are presented in Table 6. Fig. 5 shows the clear zones formed due to the
action of both surface active compounds.
The results obtained demonstrate that the biosurfactant produced
by A. thailandense LB01 holds a higher oil spreading eﬃciency than
SDS, dispersing almost entirely the oil. Furthermore, contrary to the
biosurfactant, the lowest concentration of SDS tested (SDS-C1) did not
maintain its dispersing activity after 24 h. Using the higher SDS con-
centration (42 mg/mL, SDS-C2), an improvement of the surface activity
was found but still less pronounced than the biosurfactant (Table 6).
These results were similar to those reported for the biosurfactants
produced by Candida lipolytica UCP0988 and Geobacillus stear-
othermophilus UCP 0986 (Jara et al., 2013; Santos et al., 2013),in-
dicating a good surfactant activity against hydrocarbons and the po-
tential application of this biosurfactant in bioremediation processes.
4. Conclusions
In this work, biosurfactant production by an A. thailandense strain
was reported for the ﬁrst time. Diﬀerent agro-industrial by-products
were evaluated as substrates for biosurfactant production, and the best
results were obtained with a culture medium containing glucose, yeast
extract, and OMW. The biosurfactant reduced the surface tension of
water up to 31.2 mN/m, and its molecular structure was preliminarily
determined as similar to a lauric acid ester. The ability of this bio-
surfactant of dispersing crude oil was also demonstrated, highlighting
its potential applicability in bioremediation processes.
Acknowledgements
The authors acknowledge the Biotechnology laboratory (UFC) and
Doctor Tatiana Nunes, as well as CAPES, CNPq and FUNCAP for the
ﬁnancial support. This study was supported by the Portuguese
Foundation for Science and Technology (FCT) under the scope of the
Table 6
Diameter of the clear zones formed in the crude oil layer due to the addition of the
biosurfactant, SDS-C1 (10 mg/mL) and SDS-C2 (42 mg/mL), at time 0 and after 24 h.
Results correspond to the average of three independent experiments ± standard devia-
tion.
Sample Diameter of the clear zone (cm)
0 h 24 h
Biosurfactant 4.2 ± 0.3 4.2 ± 0.3
SDS-C1 3.6 ± 0.4 0.0
SDS-C2 3.5 ± 0.4 2.9 ± 0.0
Distilled water 0.0 0.0
Fig. 5. Results of the oil dispersion assays performed
using the biosurfactant produced by Aureobasidium
thailandense LB01 and SDS. (a), (d) and (g): distilled
water; (b), (e) and (h): clear zone formed im-
mediately after the addition of the biosurfactant
produced by Aureobasidium thailandense LB01
(10 mg/mL), SDS-C1 (10 mg/mL) and SDS-C2
(42 mg/mL), respectively; (c), (f) and (i): clear zones
formed 24 h after the addition of the biosurfactant
produced by Aureobasidium thailandense LB01
(10 mg/mL), SDS-C1 (10 mg/mL) and SDS-C2
(42 mg/mL), respectively.
D.P. Meneses et al. Microbiological Research 204 (2017) 40–47
45
strategic funding of UID/BIO/04469/2013 unit and COMPETE 2020
(POCI-01-0145-FEDER-006684) and under the scope of the Project
RECI/BBB-EBI/0179/2012 (FCOMP-01-0124-FEDER-027462) and the
Project MultiBioreﬁnery − Multi-purpose strategies for broadband
agro-forest and ﬁsheries by-products valorisation: a step forward for a
truly integrated bioreﬁnery (POCI-01-0145-FEDER-016403). The au-
thors also acknowledge ﬁnancial support from BioTecNorte operation
(NORTE-01-0145-FEDER-000004) and Project BioInd− Biotechnology
and Bioengineering for improved Industrial and Agro-Food processes
(NORTE-07–0124-FEDER-000028) funded by the European Regional
Development Fund under the scope of Norte2020 − Programa
Operacional Regional do Norte.
References
Bhardwaj, G., Cameotra, S.S., Chopra, H.K., 2015. Utilization of oil industry residues for
the production of rhamnolipids by pseudomonas indica. J. Surfactants Deterg. 18,
887–893. http://dx.doi.org/10.1007/s11743-015-1711-9.
Brozzoli, V., Crognale, S., Sampedro, I., Federici, F., D’Annibale, A., Petruccioli, M., 2009.
Assessment of olive-mill wastewater as a growth medium for lipase production by
Candida cylindracea in bench-top reactor. Bioresour. Technol. 100, 3395–3402.
http://dx.doi.org/10.1016/j.biortech.2009.02.022.
Delbeke, E.I.P., Roman, B.I., Marin, G.B., Van Geem, K.M., Stevens, C.V., 2015. A new
class of antimicrobial biosurfactants: quaternary ammonium sophorolipids. Green
Chem. 17, 3373–3377. http://dx.doi.org/10.1039/C5GC00120J.
Dermeche, S., Nadour, M., Larroche, C., Moulti-Mati, F., Michaud, P., 2013. Olive mill
wastes: biochemical characterizations and valorization strategies. Process Biochem.
48, 1532–1552. http://dx.doi.org/10.1016/j.procbio.2013.07.010.
Duan, X., Chi, Z., Wang, L., Wang, X., 2008. Inﬂuence of diﬀerent sugars on pullulan
production and activities of α-phosphoglucose mutase, UDPG-pyrophosphorylase and
glucosyltransferase involved in pullulan synthesis in Aureobasidium pullulans Y68.
Carbohydr. Polym. 73, 587–593. http://dx.doi.org/10.1016/j.carbpol.2007.12.028.
Dzięgielewska, E., Adamczak, M., 2013. Evaluation of waste products in the synthesis of
surfactants by yeasts. Chem. Pap. 67, 1113–1122. http://dx.doi.org/10.2478/
s11696-013-0349-1.
Ekpenyong, M., Antai, S., Asitok, A., Ekpo, B., 2017. Glycolipopeptide production.
Biocatal. Agric. Biotechnol. 10, 113–121. http://dx.doi.org/10.1016/j.bcab.2017.02.
015.
El-Abbassi, A., Haﬁdi, A., Khayet, M., García-Payo, M.C., 2013. Integrated direct contact
membrane distillation for olive mill wastewater treatment. Desalination 323, 31–38.
http://dx.doi.org/10.1016/j.desal.2012.06.014.
Folch, J., Lees, M., Stanley, G.H.S., 1957. A simple method for the isolation and pur-
iﬁcation of total lipids from animal tissues. J. Biol. Chem. http://dx.doi.org/10.1007/
s10858-011-9570-9.
Gudiña, E.J., Teixeira, J. a., Rodrigues, L.R., 2010. Isolation and functional character-
ization of a biosurfactant produced by Lactobacillus paracasei. Colloids Surf. B
Biointerfaces 76, 298–304. http://dx.doi.org/10.1016/j.colsurfb.2009.11.008.
Gudiña, E.J., Pereira, J.F.B., Costa, R., Coutinho, J.A.P., Teixeira, J.A., Rodrigues, L.R.,
2013a. Biosurfactant-producing and oil-degrading Bacillus subtilis strains enhance oil
recovery in laboratory sand-pack columns. J. Hazard. Mater. 261, 106–113. http://
dx.doi.org/10.1016/j.jhazmat.2013.06.071.
Gudiña, E.J., Rangarajan, V., Sen, R., Rodrigues, L.R., 2013b. Potential therapeutic ap-
plications of biosurfactants. Trends Pharmacol. Sci. 34, 667–675. http://dx.doi.org/
10.1016/j.tips.2013.10.002.
Gudiña, E.J., Fernandes, E.C., Rodrigues, A.I., Teixeira, J.A., Rodrigues, L.R., 2015a.
Biosurfactant production by Bacillus subtilis using corn steep liquor as culture
medium. Front. Microbiol. 6, 59. http://dx.doi.org/10.3389/fmicb.2015.00059.
Gudiña, E.J., Pereira, J.F.B., Costa, R., Evtuguin, D., Coutinho, J.A.P., Teixeira, J.,
Rodrigues, L.R., 2015b. Novel bioemulsiﬁer produced by a Paenibacillus strain iso-
lated from crude oil. Microb. Cell Fact. 14, 14. http://dx.doi.org/10.1186/s12934-
015-0197-5.
Gudiña, E.J., Rodrigues, A.I., Freitas, V., De Azevedo, Z., Teixeira, J.A., Rodrigues, L.R.,
2016a. Bioresource Technology Valorization of agro-industrial wastes towards the
production of rhamnolipids. Bioresour. Technol. 212, 144–150. http://dx.doi.org/10.
1016/j.biortech.2016.04.027.
Gudiña, E.J., Teixeira, J.A., Rodrigues, L.R., 2016b. Biosurfactants produced by marine
microorganisms with therapeutic applications. Mar. Drugs 14. http://dx.doi.org/10.
3390/md14020038.
Henkel, M., Muller, M.M., Kugler, J.H., Lovaglio, R.B., Contiero, J., Syldatk, C.,
Hausmann, R., 2012. Rhamnolipids as biosurfactants from renewable resources:
concepts for next-generation rhamnolipid production. Proc. Biochem. 47,
1207–1219. http://dx.doi.org/10.1016/j.procbio.2012.04.018.
Jara, A.M., Andrade, R.F.S., Campos-Takaki, G.M., 2013. Physicochemical characteriza-
tion of tensio-active produced by Geobacillus stearothermophilus isolated from pet-
roleum-contaminated soil. Colloids Surf. B. Biointerfaces 101, 315–318. http://dx.
doi.org/10.1016/j.colsurfb.2012.05.021.
Kavitha, S., Saranya, T., Kaliappan, S., Adish Kumar, S., Yeom, I.T., Rajesh Banu, J., 2015.
Accelerating the sludge disintegration potential of a novel bacterial strain
Planococcus jake 01 by CaCl2 induced deﬂocculation. Bioresour. Technol. 175,
396–405. http://dx.doi.org/10.1016/j.biortech.2014.10.122.
Kim, J.S., Lee, I.K., Yun, B.S., 2015. A novel biosurfactant produced by Aureobasidium
pullulans L3-GPY from a tiger lily wild ﬂower, Lilium lancifolium Thunb. PLoS One
10, e0122917. http://dx.doi.org/10.1371/journal.pone.0122917.
Liu, X., Wang, X., Xu, J., Xia, J., Lv, J., Zhang, T., Wu, Z., Deng, Y., He, J., 2015. Citric
acid production by Yarrowia lipolytica SWJ-1b using corn steep liquor as a source of
organic nitrogen and vitamins. Ind. Crops Prod. 78, 154–160. http://dx.doi.org/10.
1016/j.indcrop.2015.10.029.
Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein measurement with
the folin phenol reagent. J. Biol. Chem. 193, 265–275.
Maass, D., Moya Ramírez, I., García Román, M., Jurado Alameda, E., Ulson de Souza,
A.A., Borges Valle, J.A., Altmajer Vaz, D., 2015. Two-phase olive mill waste (al-
peorujo) as carbon source for biosurfactant production. J. Chem. Technol.
Biotechnol.. http://dx.doi.org/10.1002/jctb.4790. n/a–n/a.
Makkar, R.S., Cameotra, S.S., Banat, I.M., 2011. Advances in utilization of renewable
substrates for biosurfactant production. AMB Express 1, 5. http://dx.doi.org/10.
1186/2191-0855-1-5.
Manivasagan, P., Sivasankar, P., Venkatesan, J., Sivakumar, K., Kim, S.-K., 2014.
Optimization, production and characterization of glycolipid biosurfactant from the
marine actinobacterium, Streptomyces sp. MAB36. Bioprocess Biosyst. Eng. 37,
783–797. http://dx.doi.org/10.1007/s00449-013-1048-6.
Marin, C.P., Kaschuk, J.J., Frollini, E., Nitschke, M., 2015. Potential use of the liquor from
sisal pulp hydrolysis as substrate for surfactin production. Ind. Crops Prod. 66,
239–245. http://dx.doi.org/10.1016/j.indcrop.2015.01.001.
Marques, a. M., Burgos-Diaz, C., Aranda, F.J., Teruel, J. a., Manresa, a., Ortiz, a., Farfan,
M., 2012. Sphingobacterium detergens sp. nov., a surfactant-producing bacterium
isolated from soil. Int. J. Syst. Evol. Microbiol. 62, 3036–3041. http://dx.doi.org/10.
1099/ijs.0.036707-0.
Miller, G.L., 1959. Use of dinitrosalicylic acid reagent for determination of reducing
sugar. Anal. Chem. 31, 426–428. http://dx.doi.org/10.1021/ac60147a030.
Mirończuk, A.M., Rakicka, M., Biegalska, A., Rymowicz, W., Dobrowolski, A., 2015. A
two-stage fermentation process of erythritol production by yeast Y. lipolytica from
molasses and glycerol. Bioresour. Technol. 198, 445–455. http://dx.doi.org/10.
1016/j.biortech.2015.09.008.
Morita, T., Fukuoka, T., Imura, T., Kitamoto, D., 2013. Production of mannosylerythritol
lipids and their application in cosmetics. Appl. Microbiol. Biotechnol. 97, 4691–4700.
http://dx.doi.org/10.1007/s00253-013-4858-1.
Mousavi, F., Beheshti-Maal, K., Massah, A., 2015. Production of sophorolipid from an
identiﬁed current yeast, lachancea thermotolerans BBMCZ7FA20, isolated from
honey bee. Curr. Microbiol. 71, 303–310. http://dx.doi.org/10.1007/s00284-015-
0841-7.
Moya Ramírez, I., Altmajer Vaz, D., Banat, I.M., Marchant, R., Jurado Alameda, E., García
Román, M., 2016. Hydrolysis of olive mill waste to enhance rhamnolipids and sur-
factin production. Bioresour. Technol. 205, 1–6. http://dx.doi.org/10.1016/j.
biortech.2016.01.016.
Najaﬁ, a R., Rahimpour, M.R., Jahanmiri, a H., Roostaazad, R., Arabian, D., Soleimani,
M., Jamshidnejad, Z., 2011. Interactive optimization of biosurfactant production by
Paenibacillus alvei ARN63 isolated from an Iranian oil well. Colloids Surf. B.
Biointerfaces 82, 33–39. http://dx.doi.org/10.1016/j.colsurfb.2010.08.010.
Noparat, P., Maneerat, S., Saimmai, A., 2014a. Application of biosurfactant from
Sphingobacterium spiritivorum AS43 in the biodegradation of used lubricating oil.
Appl. Biochem. Biotechnol. 172, 3949–3963. http://dx.doi.org/10.1007/s12010-
014-0829-y.
Noparat, P., Maneerat, S., Saimmai, A., 2014b. Utilization of palm oil decanter cake as a
novel substrate for biosurfactant production from a new and promising strain of
Ochrobactrum anthropi 2/3. World J. Microbiol. Biotechnol. 30, 865–877. http://dx.
doi.org/10.1007/s11274-013-1493-z.
Oliveira, J.G., De, Garcia-Cruz, C.H., 2013. Properties of a biosurfactant produced by
Bacillus pumilus using vinasse and waste frying oil as alternative carbon sources.
Braz. Arch. Biol. Technol. 56, 155–160. http://dx.doi.org/10.1590/S1516-
89132013000100020.
Pacwa-Płociniczak, M., Płaza, G.A., Piotrowska-Seget, Z., Cameotra, S.S., 2011.
Environmental applications of biosurfactants: recent advances. Int. J. Mol. Sci. 12,
633–654. http://dx.doi.org/10.3390/ijms12010633.
Price, N.P.J., Manitchotpisit, P., Vermillion, K.E., Bowman, M.J., Leathers, T.D., 2013.
Structural characterization of novel extracellular liamocins (mannitol oils) produced
by Aureobasidium pullulans strain NRRL 50380. Carbohydr. Res. 370, 24–32. http://
dx.doi.org/10.1016/j.carres.2013.01.014.
Rahmanian, N., Jafari, S.M., Galanakis, C.M., 2014. Recovery and removal of phenolic
compounds from olive mill wastewater. JAOCS J. Am. Oil Chem. Soc. 91, 1–18.
Rodrigues, L.R., Teixeira, J. a., van der Mei, H.C., Oliveira, R., 2006. Physicochemical and
functional characterization of a biosurfactant produced by Lactococcus lactis 53.
Colloids Surf. B Biointerfaces 49, 79–86. http://dx.doi.org/10.1016/j.colsurfb.2006.
03.003.
Sachdev, D.P., Cameotra, S.S., 2013. Biosurfactants in agriculture. Appl. Microbiol.
Biotechnol. 97, 1005–1016. http://dx.doi.org/10.1007/s00253-012-4641-8.
Saimmai, A., Tani, A., Sobhon, V., Maneerat, S., 2012. Mangrove sediment, a new source
of potential biosurfactant-producing bacteria. Ann. Microbiol. 62, 1669–1679.
http://dx.doi.org/10.1007/s13213-012-0424-9.
Sajna, K.V., Sukumaran, R.K., Jayamurthy, H., Reddy, K.K., Kanjilal, S., Prasad, R.B.N.,
Pandey, A., 2013. Studies on biosurfactants from Pseudozyma sp. NII 08165 and their
potential application as laundry detergent additives. Biochem. Eng. J. 78, 85–92.
http://dx.doi.org/10.1016/j.bej.2012.12.014.
Salihu, A., Alam, M.Z., AbdulKarim, M.I., Salleh, H.M., 2012. Lipase production: an in-
sight in the utilization of renewable agricultural residues. Resour. Conserv. Recycl.
58, 36–44. http://dx.doi.org/10.1016/j.resconrec.2011.10.007.
Santos, D.K.F., Ruﬁno, R.D., Luna, J.M., Santos, V. a., Salgueiro, A. a., Sarubbo, L. a.,
2013. Synthesis and evaluation of biosurfactant produced by Candida lipolytica using
D.P. Meneses et al. Microbiological Research 204 (2017) 40–47
46
animal fat and corn steep liquor. J. Pet. Sci. Eng. 105, 43–50. http://dx.doi.org/10.
1016/j.petrol.2013.03.028.
Santos, D.K., Ruﬁno, R.D., Luna, J.M., Santos, V.A., Sarubbo, L.A., 2016. Biosurfactants:
multifunctional biomolecules of the 21st century. Int. J. Mol. Sci. 17, 401. http://dx.
doi.org/10.3390/ijms17030401.
Sharma, D., Ansari, M.J., Al-Ghamdi, A., Adgaba, N., Khan, K.A., Pruthi, V., Al-Waili, N.,
2015. Biosurfactant production by Pseudomonas aeruginosa DSVP20 isolated from
petroleum hydrocarbon-contaminated soil and its physicochemical characterization.
Environ. Sci. Pollut. Res. 17636–17643. http://dx.doi.org/10.1007/s11356-015-
4937-1.
Solaiman, D.K.Y., Ashby, R.D., Zerkowski, J., a, Foglia, a, T., 2007. Simpliﬁed soy mo-
lasses-based medium for reduced-cost production of sophorolipids by Candida
bombicola. Biotechnol. Lett. 29, 1341–1347. http://dx.doi.org/10.1007/s10529-
007-9407-5.
Varjani, S.J., Upasani, V.N., 2017. Critical review on biosurfactant analysis, puriﬁcation
and characterization using rhamnolipid as a model biosurfactant. Bioresour. Technol.
232, 389–397. http://dx.doi.org/10.1016/j.biortech.2017.02.047.
Vecino, X., Cruz, J.M., Moldes, A.B., Rodrigues, L.R., 2017. Biosurfactants in cosmetic
formulations: trends and challenges. Crit. Rev. Biotechnol. 1–16. http://dx.doi.org/
10.1080/07388551.2016.1269053.
Vilela, W.F.D., Fonseca, S.G., Fantinatti-Garboggini, F., Oliveira, V.M., Nitschke, M.,
2014. Production and properties of a surface-Active lipopeptide produced by a new
marine brevibacterium luteolum strain. Appl. Biochem. Biotechnol. 174, 2245–2256.
http://dx.doi.org/10.1007/s12010-014-1208-4.
Xue, J., Yu, Y., Bai, Y., Wang, L., Wu, Y., 2015. Marine oil-degrading microorganisms and
biodegradation process of petroleum hydrocarbon in marine environments: a review.
Curr. Microbiol. 71, 220–228. http://dx.doi.org/10.1007/s00284-015-0825-7.
D.P. Meneses et al. Microbiological Research 204 (2017) 40–47
47
